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Abstract
Cell swelling is known to increase net glycogen production from glucose in hepatocytes from fasted rats by activating
glycogen synthase. Since both active glycogen synthase and phosphorylase are present in hepatocytes, suppression of flux
through phosphorylase may also contribute to the net increase in glycogen synthesis by cell swelling. We have developed an
isotopic procedure to estimate the fluxes through glycogen synthase and phosphorylase in intact hepatocytes and we have
 .examined the effect of cell swelling on both enzyme fluxes. The following observations were made. 1 Hypotonic or
glutamine-induced cell swelling increased net glycogen production by activating flux through glycogen synthase with little
effect on phosphorylase flux. Proline, previously shown to increase glycogen synthesis more than could be accounted for by
 .its ability to cause cell swelling, increased flux through glycogen synthase and inhibited phosphorylase flux. 2
w14 x w14 xIncorporation of C glucose into glycogen preceded complete mixing of C glucose with the intracellular pool of
UDPglucose. It is concluded that cell swelling affects glycogen synthase only and that UDPglucose is compartmentalized.
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1. Introduction
Glycogen metabolism is a complex system com-
prised of both synthesizing and breakdown processes
w x1 . A puzzling phenomenon is that active glycogen
synthase and phosphorylase can be present at the
same time. Although in hepatocytes there is a rather
good agreement between rates of glycogen synthesis
w xand glycogen synthase activity 2 , phosphorylase has
long been more controversial. In ischaemic liver,
)  .Corresponding author. Fax: q31 20 6915519; E-mail:
a.j.meijer@amc.uva.nl
w xVandebroeck et al. 3 observed a linear relationship
between glycogenolytic flux and phosphorylase a
activity. By contrast, other studies have concluded
that the assayable amount of phosphorylase has little
w x w xphysiological significance 2,4–7 . Katz et al. 4
found, for example, high phosphorylase a activities
in hepatocytes from fasted rats incubated under
glycogen-synthesizing conditions. This suggests that
if phosphorylase a is not inhibited, futile cycling will
occur, and it has been hypothesized that suppression
of glycogen degradation may be a mechanism in the
enhancement of glycogen accumulation by gluco-
w xneogenic substrates 6 .
Efforts to determine the degree of glycogen cy-
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cling have resulted in conflicting results. In vivo and
in vitro studies, utilizing either radioactive tracer
techniques or NMR spectroscopy, report estimates of
cycling ranging from 0 to 60% for a review, see Ref.
w x.8 . The conflicting results may be due to experimen-
tal difficulties encountered due to the ordered, lay-
w xered nature of glycogen synthesis 9,10 . Using 2-de-
oxy-2-fluoro-a-D-glucosylfluoride as an inhibitor of
w xphosphorylase, Massillon et al. 11 have recently
observed considerable rates of glycogen cycling in
hepatocytes from fasted rats.
Cell swelling, elicited by either hypotonic treat-
ment of the cells or by sodium-dependent influx of
amino acids, is recognized as a stimulator of net
w xglycogen synthesis 7 . Among the various amino
acids, proline appeared to be an exception in that it
increased glycogen synthesis more than could be
accounted for on the basis of its ability to increase
w xcell volume 7 .
We have shown previously that swelling-induced
stimulation of glycogen synthesis is partly due to a
decrease in intracellular chloride, which is an in-
w xhibitor of glycogen synthase phosphatase 12 . How-
ever, because of the existence of glycogen cycling it
cannot be excluded that, in addition, cell swelling
also increases net glycogen synthesis by suppression
of flux through phosphorylase. For this purpose, we
w14 xhave developed an isotopic procedure using C glu-
cose to measure the fluxes through glycogen synthase
and phosphorylase in intact hepatocytes and we have
studied the effect of cell swelling on these fluxes.
Since in this procedure information on the specific
radioactivity of intracellular UDPglucose was re-
quired, this parameter was also measured. The data
show that cell swelling does not affect flux through
phosphorylase and also provide strong evidence that
the intracellular pool of UDPglucose is not homoge-
neous.
2. Materials and methods
2.1. Materials
All biochemicals were from either Boehringer
w 14 xMannheim or Sigma. U- C glucose and
w14 xUDP C glucose were obtained from Amersham
Corp.
2-Deoxy-2-fluoro-a-D-glucosylfluoride was kindly
provided by Prof. Dr. W. Stalmans and Dr. M. Bollen
of the Katholieke Universiteit Leuven, Belgium.
2.2. Preparation and incubation of isolated hepato-
cytes
Preparation and incubation of rat hepatocytes was
w xdone as described previously 13 . Hepatocytes were
prepared from 24-h fasted male Wistar rats, and were
incubated under various conditions at a concentration
of 5–10 mg dry massrml in plastic counting vials at
378C. The osmolarity of the medium was decreased
by lowering the NaCl concentration from 120 mM to
70 mM.
For measurement of the flux through glycogen
synthase and phosphorylase, hepatocytes were pre-in-
cubated during a period of 30 min in the presence of
20 mM glucose, and either 10 mM glutamine, 10 mM
 .proline or hypotonic medium 205 mOsm . After the
w14 x  .pre-incubation period, C glucose 0.25 mCirml
was added to the cells and samples were drawn 2, 5,
10 and 30 min after the addition of radioactive label.
 .An aliquot 1.4 ml of cells was washed in 9 ml of
 .ice-cold Krebs–Henseleit buffer pH 7.4 and then
dissolved in 0.7 ml of cold 1 M KOH. Shellfish
 .glycogen was added to 0.6% wrv , the samples
w xwere heated to 908C for 15 min 4 , and the glycogen
 .was precipitated twice with 83% vrv alcohol. The
samples were then quantitatively measured by liquid
scintillation counting. The initial rates of radioactive
label incorporation were derived from the 2-min data
points. Net rates of glycogen synthesis were enzymat-
 .ically determined as described below in parallel
incubations in which no radioactivity was added. The
net rates were derived by subtracting the glycogen
accumulation measured after 30 min from that mea-
sured after 60 min of incubation.
For measurement of intracellular UDPglucose and
w14 xUDP C glucose, 0.5 ml of the hepatocyte suspen-
sion was diluted with 2 ml ice-cold Krebs–Ringer
bicarbonate and centrifuged for 1 s in a microcentri-
fuge. After removal of the supernatant, the cells were
extracted with ice-cold HClO . After removal of the4
denatured protein by centrifugation, the samples were
neutralized to pH 8 with a mixture containing 2 N
KOH and 0.3 M MOPS. Neutralization occurred
within 10 min after the addition of perchloric acid.
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2.3. Enzyme assays
 .Glycogen synthase a activity GSa was measured
w14 xwith UDP C glucose and glycogen for 30 min at
378C in the presence of 7.5 mM Na SO , as previ-2 4
w xously described by Lavoinne et al. 2 .
 .Phosphorylase a activity Pa was measured in the
direction of glycogen synthesis as mentioned by Mas-
w xsillon et al. 11 .
2.4. Other determinations
Glycogen was determined with amyloglucosidase,
ATP, glucose 6-phosphate dehydrogenase and hexok-
w xinase as previously described 14 . In order to obtain
net glycogen synthesis, the amount of glycogen pre-
sent at zero time was always subtracted from the
measured glycogen.
UDPglucose was determined fluorimetrically with
q w xNAD and UDPglucose dehydrogenase 15 . The
specific radioactivity of UDPglucose was determined
w xby HPLC 16 , using the absorbance at 254 nm for
detection of the total amount of UDPglucose, and
on-line counting of the radioactivity under the peak.
The procedure was calibrated with proper standards.
UDPgalactose appeared to coelute with UDPglucose.
Comparison of enzymatically determined UDPglu-
cose with that determined by HPLC revealed that
85% of the peak area represented UDPglucose. Spe-
cific radioactivity was confirmed by treating the sam-
ples with UDPglucose dehydrogenase plus NADq
and monitoring the decrease in both peak area and
radioactivity under the peak.
Statistical significance was determined using the
 .Student’s t-test P-0.05 .
3. Results
3.1. Effect of cell swelling on flux through glycogen
synthase and phosphorylase
The classical approach for analyzing the degree of
cycling through a metabolic pathway is to pre-label a
compound and then to measure the release of label
while more of the same unlabelled compound is
being synthesized. This approach, however, has
proved problematic for the measurement of glycogen
Fig. 1. Net rates of glycogen synthesis and flux through glycogen
w14 xsynthase in hepatocytes. A trace amount of C glucose was
added after 30 min of incubation in the presence of 20 mM
 .glucose see Section 2 . Samples were drawn for enzymatic
 .analysis after 30, 40, 50 and 60 min of incubation A and for the
w14 xanalysis of C glucose incorporation, 2, 5, 10 and 30 min after
 .label addition B . In these experiments, it was assumed that the
specific radioactivity of intracellular UDPglucose was identical to
 .  .that of the added glucose see text . Isotonic control q ; hypo-
 .  .tonic 205 mOsm: ’ ; 10 mM glutamine v ; 10 mM proline
 .l . Values are means"S.E. for 5–13 separate cell preparations.
) Significantly different from isotonic control at same time P -
.0.05 .
cycling due to the layered nature of glycogen. If a
labelled glucosyl unit becomes covered and is no
longer available for release, the rate of cycling will
w xbe underestimated 6 . Because of this problem, we
chose to perform a kinetic analysis, whereby we
compared the initial rate of radioactive label incorpo-
ration to the net rate of glycogen accumulation mea-
sured enzymatically. Hepatocytes were first allowed
to synthesize glycogen from 20 mM glucose for 30
min. Flux through glycogen synthase was then mea-
w14 xsured as the initial rate of production of C glyco-
w14 xgen by addition of a trace amount of C glucose.
The net rates of glycogen synthesis, derived enzy-
matically, are given in Fig. 1A. Incubation with
 .proline, glutamine or hypotonic medium 205 mOsm
all significantly stimulated glycogen synthesis. The
w14 xrates of C glucose incorporation are given in Fig.
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1B. For reasons given below, the graph was plotted
on the basis of the assumption that the specific
radioactivity of the newly synthesized radioactive
glycogen, and thus of the intracellular UDPglucose
pool from which it was derived, was identical to that
of the glucose added. In the absence of amino acids,
w14 xthe initial rate of incorporation of C glucose into
glycogen was clearly greater than the net rate of
glycogen synthesis. Proline, glutamine and hypotonic
medium all stimulated the initial rate of glycogen
synthesis. The curves flattened out under isotonic and
hypotonic conditions, thus indicating that glycogen
cycling was occurring since it can be assumed that
label incorporation would be linear unless glycogen
synthase was deactivated, which is unlikely under
these conditions.
The derived enzyme fluxes and the degree of
cycling under various conditions are given in Table 1.
The rate measured between 30 and 32 min, thus 2
w14 x  .min after C glucose addition cf. Fig. 1 , was
w14 xchosen as representative of the initial rate of C glu-
cose incorporation. Phosphorylase flux was calcu-
lated as the difference between the flux through
glycogen synthase and the net rate of glycogen syn-
thesis, measured enzymatically.
In the presence of 20 mM glucose, phosphorylase
flux was about 50% of synthase flux, indicating that
half of the glucosyl units which had been added onto
the glycogen were degraded. Cell swelling caused by
hypotonicity or by addition of glutamine increased
flux through glycogen synthase with no significant
effect on phosphorylase flux. By contrast, addition of
proline increased glycogen synthase flux while at the
same time the amino acid inhibited phosphorylase
flux.
The level of UDPglucose inside the cells was not
affected by either hypotonicity or by addition of
 .glutamine or proline Table 1 . This shows that the
variations in net glycogen deposition under the vari-
ous conditions were not due to changes in the con-
centration of this metabolite.
The reason for using the specific radioactivity of
w14 xextracellular C glucose rather than the specific ra-
w14 xdioactivity of intracellular UDP C glucose in calcu-
w14 xlating C glycogen synthesis is twofold. Firstly, be-
tween 40 and 60 min of incubation, the rate of
glycogen synthesis measured enzymatically was simi-
lar to the rate of synthesis of radioactive glycogen
calculated on the basis of the specific radioactivity of
 .extracellular glucose cf. Fig. 1 . This indicates that
the contribution of non-radioactive precursors e.g.
.glutamine, proline to glycogen synthesis must have
been negligible. The second reason can be found in
the experiment of Fig. 2. This experiment shows the
w14 xkinetics of the labeling of intracellular UDP C glu-
w14 xcose following the addition of C glucose. In the
first few min after the addition of the tracer, the
w14 xspecific radioactivity of intracellular UDP C glu-
cose was very low and only slowly increased to a
value approaching that of extracellular glucose in the
course of 30 min. Notwithstanding, incorporation of
w14 xC glucose into glycogen occurred without a lag
 .period cf. Fig. 1 . Apparently, the pool of intra-
cellular UDPglucose from which glycogen was syn-
Table 1
Effects of various cell swelling conditions on glycogen cycling
 .Glycogen net rate UDPG GSa flux Pa flux
 .  .  .  .mmolrgrmin mmolrg mmolrgrmin mmolrgrmin
 .Isotonic ns16 0.61"0.07 0.38"0.01 1.20"0.06 0.59"0.08
) ) .Hypotonic ns12 0.95"0.06 0.39"0.02 1.53"0.07 0.58"0.11
) ) .Glutamine ns6 1.63"0.16 0.35"0.03 1.93"0.07 0.30"0.16
) ) ) .Proline ns6 1.94"0.16 0.35"0.02 1.98"0.08 0.04"0.16
 .Glucose 20 mM was present in all conditions. Glutamine and proline were added at 10 mM. Values are expressed as mean"S.E. of
6–16 experiments carried out with different hepatocyte preparations. UDPG was measured in three different hepatocyte preparations.
)  . w14 xP-0.05. Flux through glycogen synthase GSa was derived from the rate of incorporation of C glucose radioactivity from 0–2 min
 .after 30 min of pre-incubation, and this value was divided by the specific radioactivity of extracellular glucose see text . The net rate of
glycogen synthesis was derived from the enzymatic determination of glycogen accumulated between 30 and 60 min of incubation. Flux
 .through phosphorylase Pa was derived from the difference between the GSa rate and the net rate measured in the same hepatocyte
preparations.
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w14 xFig. 2. Time course of the labeling of intracellular UDP C glu-
w14 xcose after addition of a trace amount of C glucose to hepato-
cytes preincubated with glucose. Hepatocytes were preincubated
in the presence of 20 mM glucose. After 30 min zero time in the
. w14 x  .Figure , a trace amount of C glucose 10 mCirml was added
to the cell suspension. Samples for determination of intracellular
w14 xUDP C glucose were drawn 1, 2, 5 and 35 min after addition of
w14 xC glucose. The specific radioactivity of UDPglucose is ex-
pressed relative to the specific radioactivity of extracellular glu-
 .  .cose. Isotonic control q ; hypotonic 205 mOsm: ’ ; 10 mM
 .  .glutamine v ; 10 mM proline l . Data are the means of two
experiments, carried out with different hepatocyte preparations,
 .except for the 5 min data which are the means "S.E. of 3–4
different hepatocyte preparations.
thesized must have become rapidly labelled after
w14 xC glucose addition in contrast to the remainder of
intracellular UDPglucose, i.e. UDPglucose feeding
glycogen synthesis must have been compartmental-
ized.
w xWhile our work was in progress 17 , Massillon et
w xal. 11 reported glycogen cycling in hepatocytes
from fasted rats incubated with 10 mM glucose, 13.5
mM lactate, 1.5 mM pyruvate and 0.2 mM glycerol,
using 10 mM 2-deoxy-2-fluoro-a-D-glucosylfluoride
to inhibit phosphorylase. Upon addition of this com-
pound, phosphorylase a activity was 75% suppressed
and they observed an increase in net glycogen deposi-
tion from 0.23 to 0.94 mmolrminrg cell protein
without a significant change in the activation state of
glycogen synthase. Assuming that 1 g dry mass of
w xhepatocytes is about 70% protein 18 , this is equiva-
lent to a change from 0.16 to 0.66 mmolrminrg dry
mass of cells. Under their experimental conditions,
2-deoxy-2-fluoro-a-D-glucosylfluoride depressed
glycogen phosphorylase but did not significantly in-
crease the amount of active glycogen synthase. For
comparison, we have also studied the effect of this
compound in hepatocytes of fasted rats incubated
under our experimental conditions, i.e. in the pres-
ence of 20 mM glucose alone. The results of this
experiment are shown in Table 2. 2-Deoxy-2-fluoro-
 .a-D-glucosylfluoride 10 mM stimulated net glyco-
gen production from 0.45 to 1.28 mmolrminrg dry
mass. However, phosphorylase a activity was only
20% decreased. By contrast, activity of glycogen
synthase a was 50% stimulated. Moreover, 2-deoxy-
2-fluoro-a-D-glucosylfluoride caused an almost
twofold rise in intracellular UDPglucose. Apparently
under our experimental conditions, the increase in net
glycogen production by 2-deoxy-2-fluoro-a-D-gluco-
sylfluoride resulted from increases in glycogen syn-
thase and in UDPG levels, not from suppression of
glycogen phosphorylase.
4. Discussion
The purpose of this study was to examine the role
cell swelling plays in the flux through the glycogen-
Table 2
Effect of 2-deoxy-2-fluoro-a-D-glucosylfluoride on net glycogen deposition in hepatocytes from fasted rats
UDPG GSa Pa Net glycogen synthesis
 .  .  .  .mmolrg Urg Urg mmolrgrmin
Control 0.37"0.01 1.52"0.03 10.7"0.4 0.45"0.18
) ) )F2glucose 0.64"0.02 2.35"0.48 8.6"2.6 1.28"0.25
Hepatocytes from fasted rats were incubated with 20 mM glucose, in the absence and presence of 10 mM 2-deoxy-2-fluoro-a-D-gluco-
 .sylfluoride F2glucose . Net rates of glycogen synthesis were calculated for the period between 30 and 60 min of incubation. UDPG and
 .enzyme activities expressed in mmolrgrmin were determined after 60 min of incubation. Values are expressed as mean"S.E. of three
experiments carried out with different hepatocyte preparations. ) P-0.05.
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metabolizing enzymes in hepatocytes from fasted
rats.
In hepatocytes incubated with 20 mM glucose, Pa
flux was about 50% of GSa flux. Cell swelling
caused by hypotonicity or addition of glutamine in-
creased flux through glycogen synthase while flux
through phosphorylase was not significantly affected
 .Table 1 . Proline addition increased net glycogen
deposition because it simultaneously increased glyco-
gen synthase flux and inhibited phosphorylase flux.
This presumably accounts for the fact that proline
increases net glycogen production more than can be
expected from the ability of this amino acid to in-
w xcrease cell volume 7 .
An objection to our studies could be that even in
w14 xthe rapid initial phase of C glycogen synthesis,
w14 ximmediately after the addition of C glucose, some
of the labelled glycogen became already degraded. If
this is the case, rates of glycogen cycling are underes-
timated and fluxes through GSa and Pa were higher
than those depicted in Table 1. Although we cannot
entirely exclude this possibility, we think that this
error would not lead to gross underestimation of the
fluxes in view of the biphasic behaviour of the
w14 x  .incorporation of C glucose into glycogen Fig. 1B .
A remarkable finding was the fact that incorpora-
w14 xtion of C glucose into glycogen preceded mixing
w14 xof C glucose with the total intracellular pool of
 .UDPglucose Fig. 2 . This clearly indicates that not
all intracellular UDPglucose was available for glyco-
gen synthesis. Indeed, evidence in support of separate
w xpools of glucose 6-phosphate 19,20 and of UDPglu-
w x  w x.cose 21 contrast with Ref. 22 also exists. For this
reason, we have used the specific radioactivity of
extracellular glucose to calculate the fluxes through
glycogen synthase and phosphorylase. The validity of
this procedure was supported by the fact that, at
steady state, rates of glycogen synthesis measured
either enzymatically or radioactively were the same.
In addition, if the UDPglucose pool derived from
w14 xC glucose would have been diluted with UDPglu-
cose derived from unlabelled gluconeogenic precur-
 .sors e.g. glutamine, proline , the specific radioactiv-
w14 xity of intracellular UDP C glucose would not have
approached that of extracellular glucose 30 min after
w14 x  .the addition of C glucose cf. Fig. 2 but would
have remained lower. These observations show that
the intracellular pool of UDPglucose derived from
w14 xC glucose was not diluted by UDPglucose derived
from non-radioactive gluconeogenic precursors.
It could be argued that the cycling of glycogen as
observed in our experiments was due to a lack of
ATP producing substrate. We consider this unlikely,
however, because the level of ATP in our cells was
always 8–10 mmolrg dry mass and the amount of
cycling was not affected by addition of 0.5 mM
 .octanoate results not shown .
Another point of concern could be that synthesis
and degradation of glycogen takes place in different
cells, e.g. in portal and central hepatocytes, respec-
tively. However, because of the biphasic behaviour of
w14 x the incorporation of C glucose into glycogen Fig.
.1B , this is also unlikely, for the following reason.
After the initial rapid phase, in which the synthesis of
w14 xC glycogen exceeded the net rate of glycogen for-
w14 xmation, the rate of C glycogen synthesis decreased
to a rate that was almost identical to that of net
w14 xglycogen synthesis. This indicates that C glycogen
that was first synthesized was subsequently degraded.
Obviously, this can only occur in the same hepato-
cytes.
We have tried to apply 2-deoxy-2-fluoro-a-D-glu-
cosylfluoride, which in vitro is a powerful inhibitor
w xof Pa and Pb 23 , in order to support our isotope
data on glycogen cycling. Although this compound
greatly stimulated net glycogen deposition in hepato-
cytes from fasted rats, in agreement with Massillon et
w xal. 11 , under our experimental conditions this was
due to activation of glycogen synthase and perhaps
due to the increase in UDPglucose levels, and not due
to suppression of Pa. The reason for the fact that in
our experiments the percentage inhibition of Pa by
 .2-deoxy-2-fluoro-a-D-glucosylfluoride 20% was
smaller than in the experiments of Massillon et al.
 . w x75% 11 was undoubtedly related to the higher
glucose concentrations used in our experiments 20
w x.mM versus 10 mM in 11 so that basal phosphory-
lase activity was already considerably inhibited under
 w x.our experimental conditions cf. Ref. 11 . The in-
crease in GSa activity may have been due to a direct
activation of glycogen synthase phosphatase by 2-de-
oxy-2-fluoro-a-D-glucosylfluoride, in analogy of with
a similar effect described for high concentrations of
w xglucose 24 .
In summary, our findings indicate that the main
effect of cell swelling is to increase flux through
( )L.A. Gustafson et al.rBiochimica et Biophysica Acta 1318 1997 184–190190
glycogen synthase. Proline addition increases net
glycogen deposition because it simultaneously in-
creases glycogen synthase flux and inhibits phospho-
rylase flux. The mechanism by which proline inhibits
phosphorylase in the intact hepatocyte remains to be
explored. Finally, UDPglucose used for glycogen
synthesis is compartmentalized and is only a small
fraction of the total intracellular pool of UDPglucose.
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